Abstract. We show the signature of the tropical intraseasonal oscillation (TIO) in upper tropospheric moisture and dynamical fields, roughly between 200 and 100 hPa. Relationships among these fields are examined using lag-correlation analysis and using multivariate extended empirical orthogonal functions (MEEOFs), which maximize the shared explained variance among several fields for both spatial and temporal variations. The MEEOFs show that all of the fields respond to the TIO and that the TIO is the dominant factor influencing each of the fields on these timescales. Convection associated with the TIO moistens the upper troposphere up to about 150 hPa, as expected; the behavior at 100 hPa is more complex. Over the longitude range where the TIO is associated with convection, roughly 60ø-180øE, 100-hPa temperature and water vapor tend to be reduced above convection on TIO timescales. East of 180 ø, though, the temperature and water vapor variations at 100 hPa become decoupled. The water vapor variations, like those of 200-hPa velocity potential, appear to speed up at about 180øE.
Introduction
In recent years, because of its importance as a greenhouse gas, water vapor in the upper troposphere has [1998] did not quantify the connections between water vapor and other fields, nor did they show how water vapor was linked to OLR or other measures of the TIO. This paper explores and quantifies the relationships among upper tropospheric water vapor, meteorological fields, and OLR, the last of which provides a good indication of convective activity. We also investigate the extent to which the TIO may affect conditions at 100 hPa near the tropical tropopause, where Mote et al.
[1998] noted a 30-to 60-day spectral peak in water vapor measured by MLS. We look at both the life cycle and the space-time variations of the TIO, objectively linking the variations among several fields using multivariate extended empirical orthogonal functions (MEEOFs), which are explained in section 4. MEEOFs, which were previously used by Dunkerton and Baldwin [1995] , offer an efficient way to study coherent variations among several fields, whereas other methods (e.g., coherence or singular value decomposition) are useful for linking variations between only two fields.
Data
The meteorological data used in our analyses come from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalyses (ERA) [Gibson et al., 1997] . Data are available at 2.5øx2.5 ø horizontal resolution on several standard pressure surfaces. Fields used here are 100-hPa temperature and 200-hPa velocity potential, which is derived from the wind field.
Upper tropospheric water vapor data come from the
Microwave Limb Sounder (MLS), an instrument on the Upper Atmosphere Research Satellite (UARS). The
UARS is in a polar orbit with an inclination of 570 to the equator [Reber, 1993] , making 15 orbits each day, with adjacent orbits being separated by about 2670 km at the equator. The satellite performs a yaw maneuver about every 36 days, but the tropical region is observed daily, enabling a nearly continuous time series to be constructed. The MLS instrument is described in more detail by Barath et al. [1993] , and the measurement technique is described by Waters [1993] .
Two MLS radiometers are used for measuring water vapor, corresponding to spectral bands at 205 and 183 GHz. The 205-GHz radiometer is sensitive to water vapor in the upper troposphere when concentrations are in the range of 100-300 ppmv [Read et al., 1995 The other MLS radiometer that retrieves water vapor uses the 183-GHz band, which is most sensitive to water vapor in the stratosphere and mesosphere. A nonlinear retrieval, described by Pumphrey [1999] , offers many advantages over the standard linear retrieval and has been used in a few previous studies [e.g., ]. It extends the range of the retrieval down to 100 hPa with a higher vertical resolution than the standard retrieval; the next highest level is at 68 hPa. In this paper we use the 100-hPa data from the nonlinear retrieval (V0104), which exhibit variations on intraseasonal timescales ].
The 100-hPa data have some shortcomings that must be discussed. First, the retrieval reports that the data are often strongly influenced by the a priori profiles, so that the reported variations are probably smaller than the observed spatial variations. Despite the weakness of the signal, the variations that are derived are broadly consistent with both expected seasonal variations in water vapor ] and higher-frequency variations ]. The reliance on monthlymean, zonal-mean climatology, however, means that the retrieved water vapor values jump abruptly from the end of one calendar month to the beginning of the next. It is straightforward to remove this effect by subtracting the zonal mean, as was done in the previous studies.
Second, the vertical resolution at 100 hPa is nearly 4 km, so one might assume that the retrieval of 100-hPa water vapor in the tropics feels some influence from upper tropospheric water vapor. In fact, the upper tropospheric water vapor probably has little influence on the retrieved 100-hPa data, for two reasons. (1) The retrieval code ignores radiances with a tangent pressure below about 100 hPa, with the result that the averaging kernel for 100 hPa actually peaks near 68 hPa [Pumphrey, 1999] , and (2) the retrieval has to fit radiances from several closely spaced tangent heights between 100 and 46 hPa. While the bottom one or two may contain radiance from the upper troposphere, the next two or three will contain less of this. The retrieval has to fit them all, which it can do best by choosing a profile that is not influenced much by the upper troposphere. In short, the 100 hPa water vapor product is influenced primarily by water vapor in a layer in the lower stratosphere and not much by water vapor in the upper troposphere. 
EEOF and MEEOF Analysis Procedure
In the previous section we used maps and correlations to demonstrate the relationships between two fields. However, considering more than two fields becomes extremely difficult, and the spatial detail in the maps can obscure the basic relationships. In order to simplify the For the detailed analysis in sections 5 and 6, we go through several steps in processing the data. Longitudetime slices are formed using averages between the equator and 10øS. Then, in order to focus on the timescale of interest (5-90 days), we band-pass filter each of the data sets. The data sets with higher horizontal resolution (ERA and OLR) are interpolated to the 24 ø longitudinal resolution at which the 100-hPa water vapor data have been binned. Finally, the fields are normalized using the mean and standard deviation of the resulting longitude-time slice. The MEEOF calculation involves inverting a square covariance matrix whose dimension varies as the square of the product of the number of fields, the number of longitudes, and the number of time lags. The relatively low spatial resolution used here represents a balance between computational efficiency and spatial detail but is adequate to resolve the main patterns of interest. The eigenvalues of the EEOFs of all five fields (Figure 3) cause separation is an indication of significance, we may safely ignore modes higher than 4; indeed, their structure is often difficult to interpret physically. While the percentage variance explained by each mode seems relatively small compared with that for spatial EOFs, this is a characteristic of EEOFs, because the temporal variations introduce considerable complications for statistical modes to explain. The low percentages also occur in part because of the time filtering used: The band-pass filter included periods as short as $ days, which was also the interval used for the EEOF analysis. When the band-pass filter was modified to pass only periods greater than 20 days, the EEOFs were essentially the same, but the percentage variance explained by the leading modes increased by about 50% for each of the The relation of 215-and 100-hPa water vapor is such that anomalies are out of phase between the two levels during intraseasonal oscillation events. For each of the phase lines displayed in the middle and right-most panels of Plate 2, the prevailing tendency is for anomalies at 100 hPa to be opposite in sign to those at 215 hPa. This is seen in both Southern Hemisphere summers, although in the second summer (1992-1993), the 100-hPa water vapor signal extends farther into the Western Hemisphere. As with velocity potential, the water vapor anomaly is visible at all longitudes. In this respect, the behavior of water vapor, particularly at 100 hPa, differs from that of OLR and 100-hPa temperature, for which intraseasonal variability is confined primarily to the Eastern Hemisphere and the region of the date line. 
Response of Each

Relationships Among Fields
From Figure 4 , it is apparent that some of the fields have fairly coherent relationships with other fields. To quantify these relationships, we calculate the correlation between the leading EEOFs of each field with those of the other fields. Table 2 shows these correlations.
Water vapor at 215 hPa is 1800 out of phase with all the other fields, as indicated by the negative correlations in its rows and columns: In the convective phase of the TIO, velocity potential is low, OLR is low (high clouds), 215-hPa water vapor is high, 100-hPa temperature is low, and 100-hPa water vapor is low. Velocity potential generally has the highest correlations with other fields, and 100-hPa temperature has the lowest. Velocity potential, which has been used in many dynamical studies of the TIO, is evidently the best indicator variable for these other upper tropospheric fields especially when considering the connection to 100 hPa.
The fact that water vapor at 215 and 100 hPa behaves oppositely in response to the TIO is consistent with Stratospheric Aerosol and Gas Experiment (SAGE) II climatology [Rind et al., 1993] Hemisphere, where water vapor behaves much like X200. As a consequence of this behavior in the Western Hemisphere, the TIO signature is more apparent in 100-hPa water vapor than in 100-hPa temperature.
There are several possible factors that may combine to explain the difference between the temperature and water vapor fields. The third possibility is also plausible. The two data sets have rather different characteristics; one is remotely sensed, and the other is generated by global reanalyses using a general circulation model. The issue of vertical resolution is particularly important. As noted in section 2, the 100-hPa water vapor measurement actually represents a layer probably some 4 km thick, mostly at altitudes above 100 hPa. By contrast, the reanalyses For disturbances that are sharply attenuated above the tropopause and for disturbances with shallow vertical structure in the vicinity of 100 hPa, the variations in temperature could be well represented by ERA data but the variations in water vapor could be strongly diminished in the MLS retrieval. Taken together, the attenuation and small vertical scale of the TIO combined with the poor vertical resolution of MLS in the lower stratosphere imply that the true variation in water vapor at 100 hPa associated with the TIO could be substantially stronger than indicated by the MLS instrument. As for the behavior of 100-hPa temperature, it is possible that the discrepancy in the Western Hemisphere is related to the paucity of observations that could constrain the ECMWF analysis. 
